Non-invasive accuarate thermometers with high spatial resolution and operating at sub-micron scales, where the conventional methods are ineffective, is currently a very active field of research strongly stimulated in the last couple of years by the challenging demands of nanotechnology and biomedicine. This review offers a general overview of recent examples of accurate luminescent 10 thermometers working at micrometric and nanometric scales, particularly those involving advanced Ln 3+ -based functional organic−inorganic hybrid materials.
Introduction
Sensing and mapping temperature in an accurate and noninvasive way with submicrometric resolution is critical to 15 understand numerous features of micro and nanoscale electronic and photonic devices, such as thermal transport, heat dissipation, and profiles of heat transfer and thermal reactions. 1, 2 Furthermore, the precise discrimination of the temperature of a living cell, especially that of a cancer cell, strongly impacts on 20 the consciousness of its pathology and physiology and, in turn, on the optimization of therapeutic processes (e.g. in hyperthermal tumour treatment and photodynamic therapy). [3] [4] [5] [6] Conventional temperature sensors are the so-called contact thermometers, in which the measurement of temperature is 25 achieved by heat flow to an invasive probe. 7, 8 The contact nature of such measurements makes traditional liquid-filled and bimetallic thermometers, thermocouples and thermistors not suitable for temperature measurements of fast-moving objects 9 or in scales below 10 m. Therefore a new generation of nanoscaled 30 thermometers is demanded to accurately measure temperature distributions down to the nanoscale regime, where conventional methods are not able to give satisfactory results (e.g. intracellular temperature fluctuations, 4 temperature at molecular scale, 10 or in microcircuits 11 and microfluids 8 ).
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The first approaches to nanothermometry tried to miniaturize the geometrical size of the conventional thermometers. 12 For example, filled system thermometers are fabricated from nanotubes based on temperature-dependent thermal expansion of liquids 13, 14 and techniques using an atomic force microscope 40 have succeeded in achieving spatial and temperature resolutions down to 50 nm and 1 mK, respectively. 2, 15 Whereas nanotubebased systems require a transmission electron microscope for the read-out and calibration and high vacuum conditions, a marked limitation for practical applications, scanning microscopy 45 systems have a read-out rate limited by material surface conditions and probe motion (typically 30 ms per pixel 15 ) making real-time temperature mapping unfeasible.
These constraints lead to the development of non-contact thermometry techniques, such as, IR thermography, Raman 50 spectroscopy, thermoreflectance and luminescence. Amongst non-invasive or semi-invasive spectroscopic methods for determining temperature, the temperature dependence of phosphor luminescence (band shape, peak energy, intensity and/or lifetimes) is an accurate alternative technique, working 55 remotely, through an optical detection system, even in biological fluids, strong electromagnetic fields and fast-moving objects. 
Examples of optical micro and nanothermometers
Temperature sensing with thermographic phosphors is commonly classified in decay time and intensity ratio algorithms. 16 Decay 85 time methods exploit the temperature dependence of the lifetime of an emitting level and the intensity ratio algorithms use directly the intensity of one or more transitions to detect temperature. The intensity of each transition is proportional to the total number of atoms (population) in a given excited state at temperature T: 40 spectral regions. These Er 3+ transitions (that are insensitive to photodegradation) are temperature dependent and their intensities were used to determine the temperature using the FIR algorithm.
By adjusting the electrical current flowing through the structure, the resulting temperature variations modulate the Er with the micro or nanowires, the temperature determined by this method is actually the average temperature of the fluorescent probe that is controlled by the temperature of the interaction volume between the NP and the surface of the wires.
For the scanning thermal microscope using PbF 2 :Er
NPs as fluorescence probes 15 the relative sensitivity is 1.1%/K at 310 K (Table 1) . This thermometer presents a spatial resolution (defined as the minimum distance to move in order to get a temperature change greater than the sensitivity of the thermometer) in the range of the fluorescent particle size (< 500 65 nm (3-4% mole concentration) phosphor was calibrated against a temperature range of 200-700
• C demonstrating 2D rise time thermal imaging over an area of 500 mm 2 (diameter of the laser beam on the target). 29 The uncertainty in the temperature 90 measurements is relatively high, 20% at 673 K, although a decrease of the Eu 3+ activator concentration could significantly lengthen the rise time and then the accuracy of the thermometer. The sensitivity and the spatial resolution were not reported and the temperature determination algorithm is rather complicated, 95 relatively to those of decay time and intensity-based measurements, requiring more sophisticated equipment and postprocessing computational analysis. 29 Other example that illustrates the sensing/mapping of temperature at the sub-micrometer scale was reported by Allison 100 et al. 25 The laser-induced fluorescence lifetime of YAG:Ce NPs (average size 30 nm) was measured as a function of temperature from 280 to 350 K. The decay lifetimes for the NPs varied from 18 to 27 ns (33% relative to the longest lifetime measured) and this significant variation, coupled with the high signal strength for this improvement is that the peak values of the signals are greater and the rise times are faster, thus reducing triggering errors in the detection electronics. Another attractive characteristic of Ce-doped nanophosphors is that they can typically be excited by inexpensive light emitting diodes, thus not 5 only reducing the cost of the phosphor thermography system but also alleviating any concerns about heating of the phosphor substrate by the laser (with the resulting introduction of a systematic uncertainty in the temperature measurements). 25 Vetrone et al. devised a nanothermometer based on the 10 temperature-sensitive upconversion (UC) green emission of NaYF 4 :Er,Yb NPs (mean particle size of 18 nm). 5 The upconverting Ln 3+ -doped NPs can be stimulated using low power and inexpensive NIR lasers and are excited with wavelengths in the optical penetration window of cells and tissues (650-1300 15 nm), an important requirement in biological environments who suffer less damage under excitation in such range. Moreover, besides less scattered by the specimen, NIR excitation light will not induce background autofluorescence, leading to increased signal-to-noise ratio of the detected signal. 20 Thermal profiles created when heating a colloidal solution of the NaYF 4 :Er,Yb NPs in water using a pump-probe experiment were obtained using the temperature dependence of the intensity ratio between the Er The internalization of the NPs by human cervical carcinoma 25 (HeLa) cells permits to exploit the thermal sensitivity of the two Er 3+ bands to create a nanothermometer capable of measuring the internal temperature of a living cancer cell, from 298 K to its thermally induced death at 318 K. The cells were placed in a confocal fluorescence microscope and excited at 920 nm so that 30 the upconverted Er 3+ fluorescence of the NPs permitted the measurement of the inner HeLa cell temperature (Fig. 2) . The NaYF 4 :Er 3+ /Yb 3+ NPs are one of the few cases reported so far of cellular thermometers. 3, 4 Despite the absence of a quantitative estimation of the thermometer sensitivity, the NPs are able to 35 investigate (without using an exterior reference) the cellular changes occurring between 298 and 318 K, as a result of the external heating. 40 The last two examples illustrating the sensing/mapping of temperature at the nanoscale report the incorporation of Ln 3+ -based β-diketonate complexes into organic-inorganic hybrid materials. 17, 18 Luminescent molecular thermometers based on Eu 3+ tris(β-diketonate) complexes were proposed in the past 45 decades involving isolated complexes 24, 38 or complexes embedded into polymer thin films 28, 39 and organic-inorganic hybrid materials 17, 18 (maximum sensitivities and temperature ranges listed in Table 1 17 ), intensity measurements based on one transition depend critically on the variations of the sensor concentration and of the optoelectronic drifts of the excitation source (normalization is necessary) and detectors, thus rendering inappropriate for precise temperature sensing. Lifetime data and FIR measurements, in 95 contrast, are not compromised by those drawbacks and are therefore much more reliable. Nevertheless, we should stress that the decay time algorithm is unsuitable for real-time temperature sensing and mapping, requiring more sophisticated equipment, when compared to the faster, easier and cheaper FIR method.
Organic-Inorganic hybrids
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Precise and real-time in vivo monitoring of temperature is of paramount importance, for instance, in biomedicine, namely in cancer diagnosis and during hypothermia therapy or surgery where temperature fluctuations of a few degrees can be telling. 10 Moreover, for complicated distributions of emitting centres 105 and/or strong interactions between them (for instance energy transfer) the procedure may be laborious and time-consuming, as lifetime determination involves a fit procedure to the decay curves. Therefore, it is unquestionable that an optimal luminescent nanothermometer should produce a ratiometric 110 intensity response to temperature changes (the FIR algorithm).
Examples of self-referencing luminescent molecular thermometers include the temperature-dependent of perylene monomer-perylene/N-allyl-N-methylaniline exciplex interconversion 19 and monomer-excimer interconversion of 1, Fig. 3 . 18, 35 The Eu 3+ /Tb 3+ co-doped NPs were prepared using Eu:Tb ratios of 2:1, 1:1, 1:2, 1:3 and 1:10 followed the procedure described elsewhere, supporting information of ref. 17 .
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The Eu 3+ /Tb 3+ luminescent nanothermometer is selfreferencing, allowing absolute measurements in the 10-350 K temperature range with a temperature uncertainty of 0.5 degree. Its emission colour is fine-tuned as a function of temperature (Fig. 4) /Tb 3+ ratio affords tunability to the temperature working range. Alternatively, tunability is also accomplished by changing the host matrix, thus modifying the interaction between the Ln 3+ and the host matrix energy levels. 18 40 This is the case of Eu 3+ /Tb 3+ co-doped di-ureasils 40 that permitted absolute temperature measurements at physiological temperatures. Moreover, the di-ureasil hybrid matrix enables processing the thermometer material as thin films for sensing/mapping large areas with a spatial resolution limited by 45 the size of the optical detectors (~1-10 µm for commercial optical fibres and CCD cameras). Finally, the combination of the molecular thermometer with a nanometric magnetic/luminescent host matrix provides multifunctionality at the nanoscale to the device.
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When comparing this thermometer with the single Ln 3+ -based ones, proposed previously, it is clear that it represents a step forward in thermometry at the nanoscale. The synergy resulting from combining temperature sensing/mapping and superparamagnetism opens the way for new exciting applications, 55 especially in the biomedical field. In particular, such association will provide a unique instrument to map, in a non-invasive way, temperature distributions in biological tissues (e.g., in tumours) during heat release, due to the application of an ac field to magnetic NPs (magnetic hyperthermia), this being, undoubtedly, 60 a powerful tool for the study of biochemical micro-processes occurring within a cell.
Conclusions
This review summarized the recent progress on non-invasive Ln 
